INTRODUCTION
Insulin plays an important role in the overall regulation of protein synthesis [1] . Some of the effects of the hormone may involve changes in the concentrations of amino acyl-tRNAs [1] and mRNAs [2] , but insulin also has important effects on the translation process itself, and it is these effects which are the topic of this Review Article. Not only does insulin cause a global increase in the rate of translation, but, superimposed upon this overall increase, the hormone also brings about marked increases in the translation of specific mRNAs. Examples of this selective regulation of translation include the mRNAs of a number of ribosomal proteins and elongation factor 2 [3] , cyclins [4] , fatty acid synthase [5] and ornithine decarboxylase [6] .
Major advances have been made towards understanding the mechanisms whereby insulin influences the activity of key components in the process of translation. Taken together, these may explain both the effects of insulin on global process synthesis and its selective effects on the translation of specific mRNAs. As will become evident in this Review Article, a common feature is the importance of reversible phosphorylation in the regulation of components which are involved in both the initiation and elongation stages of translation. The signalling pathways which Abbreviations used : 4E-BP, eIF4E-binding protein ; 5h-UTR, 5h-untranslated region ; Ca/CaM, calcium/calmodulin ; CHO, Chinese-hamster ovary ; eEF, eukaryotic elongation factor ; eIF, eukaryotic initiation factor ; eRF, eukaryotic release factor ; ERK-1, -2, extracellular-ligand-regulated kinase-1, -2 ; FKBP, FK506-binding protein ; FRAP, FKBP-rapamycin-associating protein ; GRB1, growth-factor-receptor-bound protein ; GSK-3, glycogen synthase kinase-3 ; IRS-1, -2, insulin-receptor substrate-1, -2 ; MAP kinase, mitogen-activated protein kinase ; MEK, MAP/ERK kinase ; mTOR, mammalian TOR (Target Of Rapamycin) ; p70 S6 kinase, the 70 kDa ribosomal protein S6 kinase ; p90rsk, ' the 90 kDa ribosomal protein S6 kinase ' (no longer thought to be important in the phosphorylation of S6 in cells) ; PDK1, phospholipid-dependent kinase-1 ; PDK2, phospholipid-dependent kinase-2 ; PH, pleckstrin homology ; PHAS, phosphorylated heat-and acid-stable (protein) ; PI 3-kinase, phosphatidylinositol 3-kinase ; PKB, protein kinase B ; PP, protein phosphatase ; RAC, related to A-and C-kinases (i.e., to cAMP-dependent protein kinase and protein kinase C) ; RAFT, rapamycin and FKBP target ; SH2, Src homology 2 ; SH3, Src homology 3 ; Shc, adaptor protein with homology with Src and collagen ; SOS, son-of-sevenless ; TOP, tracts of oligopyrimidines ; uORF, upstream open reading frame. 1 Present address and address for print requests : Department of Anatomy and Physiology, University of Dundee, Dundee DD1 4HM, Scotland, U.K.
BPs, appears to involve the rapamycin-sensitive signalling pathway which leads to activation of the 70 kDa ribosomal protein S6 kinase (p70 S6 kinase) and the phosphorylation of the ribosomal protein S6. Overall stimulation of translation may involve activation of initiation factor eIF2B, which is required for all initiation events. This effect is dependent upon phosphatidylinositol 3-kinase and may involve the inactivation of glycogen synthase kinase-3 and consequent dephosphorylation of eIF2B, leading to its activation. Peptide-chain elongation can also be activated by insulin, and this is associated with the dephosphorylation and activation of elongation factor eEF2, probably as a consequence of the insulin-induced reduction in eEF2 kinase activity. Thus multiple signalling pathways acting on different steps in translation are involved in the activation of this process by insulin and lead both to general activation of translation and to the selective regulation of specific mRNAs.
link the insulin receptor to many intracellular events regulated by insulin are also presently the subject of intense research, and we start with a brief overview of current knowledge in this rapidly developing area. As will become apparent, at least three distinct intracellular signalling pathways may be involved in the regulation of mRNA translation by insulin. We sympathize in advance with the non-specialist reader for the rather confusing array of different and sometimes seemingly bizarre names given to components of the insulin signalling pathways and, to a lesser extent, to some of those involved in the actual process of translation. In this Review Article, we have only used a single term for each component, but at first mention we have listed the main alternative names !
OVERVIEW OF THE INTRACELLULAR SIGNALLING PATHWAYS INVOLVED IN THE ACTIONS OF INSULIN
Scheme 1 depicts some of the known early events. The binding of insulin to the extracellular α-subunits of the insulin receptor results in the activation of the tyrosine kinase activity intrinsic to the intracellular domain of the β-subunits of the receptor [7, 8] . Following the autophosphorylation of specific tyrosine residues within the β-subunits, the receptor phosphorylates a number of 
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Scheme 1 Early events in insulin signalling
Solid black arrows indicate direct effects, while broken red arrows indicate that other components are, or may be, involved. The sites of action of the inhibitors wortmannin LY294002, rapamycin and PD098059 (in italics) are shown.
intracellular substrates on specific tyrosine residues, and this initiates the intracellular signalling pathways. These substrates include IRS-1 (insulin receptor substrate-1) [7, 9] , the related IRS-2 [10] , Shc [11, 12] and GAB1 [13] . The regions in these proteins containing phosphotyrosine residues then act as docking sites for other proteins which contain Src-homology 2 (SH2) domains. The two most important are probably GRB-2 and the 85 kDa subunit of phosphatidylinositol 3-kinase (PI 3-kinase), since these bring about the activation of Ras and PI 3-kinase respectively. The activation of Ras, which is located on the inner face of the plasma membrane, appears to involve SOS (son-of-sevenless), which is a guanine nucleotide exchange factor able to promote the exchange of GDP on Ras with GTP, yielding the active form of Ras. SOS is tightly bound to GRB-2 via Src-homology 3 (SH3) domains, and thus it is the GRB-2-SOS complex which binds to specific phosphotyrosine residues within IRS-1, IRS-2 and Shc when these proteins are phosphorylated by the insulin receptor. This binding is thought to bring the GRB-2-SOS complex to the plasma membrane and thus close to Ras. Activated Ras is able to initiate a cascade of activated protein kinases often called the mitogen-activated protein kinase (MAP kinase) cascade [14] . Ras-GTP, but not Ras-GDP, binds to the first kinase of the cascade, Raf-1. This association alone does not appear to cause activation of Raf-1, but rather it appears to bring Raf-1 into juxtaposition with other components of the ' signalling complex '. One such component may be activated PI 3-kinase [15] . Activated Raf-1 phosphorylates another kinase MEK (also called MAP kinase kinase), which is a dual specificity kinase which in turn activates extracellular-ligand-regulated kinase-1 and -2 (ERK-1 and ERK-2) by phosphorylating these kinases on both tyrosine and threonine residues in the sequence TEY. ERK-1 and ERK-2 are very similar and are both expressed in most cells. They are referred to collectively as MAP kinase in this Review Article and have a wide range of potential substrates in cells including transcription factors such as elk-1, c-Jun and other protein kinases, including p90rsk [14] . This kinase becomes activated following phosphorylation by MAP kinase.
PI 3-kinase is activated when its 85 kDa subunit becomes bound to specific phosphotyrosine residues in IRS-1 or IRS-2, and this results in an increase in the product PtdIns(3,4,5)P $ [16, 17] . GAB1, when phosphorylated by the insulin receptor on appropriate tyrosine residues, may also be able to activate PI 3-kinase [13] . The activation of PI 3-kinase appears to be necessary for many of the effects of insulin, including the protein kinase cascades involving protein kinase B (also called RAC or akt) and p70 S6 kinase (Scheme 1) [18] [19] [20] . It has been suggested that activation may be the direct result of the binding of PtdIns(3,4,5)P $ (formed by PI 3-kinase) to the pleckstrin homology (PH) domain in protein kinase B (PKB), but there has been considerable debate over the importance of this [21] [22] [23] [24] [25] [26] [27] 
Scheme 2 The three phases of mRNA translation
The Scheme depicts an mRNA showing its 5h cap (J-methyl-GTP) and poly(A) tail. The poly(A) tail (AAAA … ) may participate in the initiation process (boxed) and may interact with initiation factors [52] . Ribosomes must dissociate into their constituent subunits [40 S (pink) and 60 S (grey)] in order to take part in initiation, which also requires initiation factor proteins. Following assembly of the initiation complex at the start codon (shown AUG on dark pink), the ribosome then proceeds into elongation, (boxed) and the new polypeptide is synthesized (red ellipse). After encountering an in-frame Stop codon (dark pink), termination occurs with release of the completed polypeptide and the ribosomal subunits. Abbreviation m 7 GTP, 7-methyl-GTP.
with increased phosphorylation of Thr$!) and Ser%($, and phosphorylation of both sites seems to be required for full activation [28] . Thr$!) can be phosphorylated, at least in itro, by a novel phospholipid-dependent protein kinase termed PDK1, which is activated in itro by phosphoinositides phosphorylated in the 3 position [29] . Thus PtdIns(3,4,5)P $ appears to exert a dual effect on PKB : activation involves both direct interaction with PKB and stimulation of the upstream kinase PDK1. PKB is able to phosphorylate glycogen synthase kinase-3 and this decreases the activity of this kinase [20] . We will be returning to this below (see also Scheme 4 below). The activation of p70 S6 kinase in cells exposed to insulin is apparently due to its phosphorylation on multiple serine and threonine sites, probably by more than one kinase [30, 31] . p70 S6 kinase may be downstream of PKB as indicated in Scheme 1, but it is not a direct substrate [32] .
A number of inhibitors have proved useful in dissecting the signalling pathways involved in kinase action (Scheme 1). When used at nanomolar concentrations, the fungal metabolite wortmannin appears to be a reasonably specific inhibitor of PI 3-kinase [33, 34] , but at higher concentrations it has been shown to also inhibit other enzymes, including phospholipases D and A2, phosphatidylinositol 4-kinase and the protein kinase activity of FK506-binding protein-rapamycin-associating protein\mam-malian Target of Rapamycin (FRAP\mTOR) [35] [36] [37] . Most of the metabolic effects of insulin) are blocked in parallel with the inhibition of PI 3-kinase by both wortmannin and the structurally unrelated inhibitor LY294002 [38] , indicating the pivotal role of PI 3-kinase in insulin signal transduction. The inhibition of the metabolic effects are associated with the loss of activation of p70 S6 kinase and PKB, as expected if both these kinases lie downstream from PI 3-kinase. However, wortmannin also inhibits the activation of MAP kinase by insulin in many cell types [20, [39] [40] [41] ; the mechanism is not clear, but may stem from an interaction between Ras and PI 3-kinase.
The compound PD098059 acts by binding the inactive form of MEK and blocking its activation. Hence this inhibitor can attenuate the activation of MAP kinase by insulin and growth factors in many cells [20, 42, 43] . It should be noted that, owing to its mode of action, inhibition of MEK activity within cells may not be complete, and indeed at high concentrations of insulin the effects of this inhibitor may be too small to be useful [42] [43] [44] . Rapamycin was first identified as a potent immunosuppressant, but it has effects on many cell types, resulting in the inhibition of growth [45] . It acts by binding to a 12 kDa cytosolic protein (FKBP, FK506-binding protein) and this complex in turn then interacts with a large (about 250 kDa) protein usually called FRAP in mammalian systems, but also referred to as mTOR or rapamycin and FKBP target (RAFT) [46] [47] [48] [49] . This protein is related to the yeast protein TOR (target of rapamycin) and contains a domain similar to the catalytic domain of PI 3-kinase, suggesting that it may have protein kinase or lipid kinase activity [46, 48, 50, 51] . The complex of FK506 with FKBP does not bind to FRAP, and thus FK506, by competing with rapamycin, can block the specific effects of rapamycin. In the context of signalling by insulin and growth factors, rapamycin is important because it inhibits a number of their effects on translation, as described below. The signalling components which interact directly with FRAP remain to be established, but rapamycin inhibits the activation of p70 S6 kinase by insulin and other stimuli and therefore it seems reasonable to assume that FRAP is upstream of this kinase (Scheme 1).
THE THREE PHASES OF PROTEIN SYNTHESIS
Translation of mRNA into protein can be conveniently divided into three phases : initiation, elongation and termination (Scheme 2). During initiation, methionyl-tRNA (initiator tRNA) and several initiation factors associate with the 40 S ribosomal subunit to form the 43 S preinitiation complex, this complex binds to mRNA and migrates to the correct AUG initiation codon followed by the addition of the 60 S ribosomal subunit. This is then followed by elongation, during which amino acids from amino acyl-tRNAs are added to the growing peptide in the order dictated by the mRNA bound to the ribosome. Eventually the termination phase allows the completed protein to be released from the ribosome. An impressive number of different polypeptides are involved, including about 85 in the 40 S and 60 S subunits and a further 35 or so as the subunits of eukaryotic initiation factors (eIFs), elongation factors (eEFs) and the release factors (eRFs). For further details of these components and their roles the reader is referred to recent reviews on the mechanisms involved in each of the three phases [52] [53] [54] . Insulin acts on the initiation and elongation phases, and we will consider these in turn.
REGULATION OF INITIATION BY INSULIN
Overview of peptide-chain initiation
Peptide-chain initiation represents a major control point in gene expression and is subject to control under a variety of conditions. It involves the following principal events, which are summarized in Scheme 3 : 
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Scheme 3 Initiation of protein synthesis in mammalian cells
The process is described in detail in the text and is the subject of a recent review by Pain [52] . Abbreviation : m 7 GTP, 7-methyl-GTP.
$ The binding of the initiator Met-tRNA i to the 40 S ribosomal subunit, mediated by eIF2 [55] , which binds Met-tRNA only when it is complexed with GTP (STAGE II). This step also involves eIF1A [56] and results in the formation of the 43 S preinitiation complex, in which the Met-tRNA occupies the P-site of the ribosome $ The recognition of the 5h-cap of the mRNA by eIF4E (the ' cap-binding protein ') (STAGE III) and subsequently. This, and the next step, probably occur in parallel with the steps described above, rather than subsequently to them $ The interaction of eIF4E with the scaffolding protein eIF4G
and thereby with the helicase eIF4A, whose role is thought to be the ' unwinding ' of secondary structures (self-complementary stem loops) [57] . The complex of eIF4E with eIF4G and eIF4A is known as eIF4F (STAGE IV). It is not yet clear whether eIF4E binds to the cap alone or as a preformed complex with eIF4G and perhaps other components (see [52] for a detailed discussion of this) $ Interaction of eIF4F with the 43 S preinitiation complex and the subsequent ' scanning ' by the 40 S subunit, and associated factors such as eIF4F, from the 5h-end of the mRNA to the AUG codon [58] , which is almost certainly identified through its interaction with the anticodon of the Met-tRNA. This process also involves the RNA-binding initiation factor eIF4B, which may help create the ribosome-binding site on the mRNA [56] (STAGE V) $ Addition of the 60 S subunit to form the 80 S initiation complex, which is competent to enter elongation. This step also involves eIF5, the hydrolysis of the GTP bound to eIF2 and the release of eIF2:GDP along with the other eIFs [52] (STAGE VI). Regeneration of active [eIF2:GTP] is mediated by the guanine nucleotide-exchange factor eIF2B, which facilitates the otherwise very slow release of the GDP.
Eukaryotic translation initiation has recently been the subject of an excellent review by Pain [52] .
Among these steps, two are believed to be particularly important for the regulation of the initiation process. These are STAGES II and III\IV (and perhaps also the associated STAGE V). In each case there is evidence that the activities of the factors involved are altered under conditions where translation is controlled, e.g., in response to insulin or growth factors, and, in each case, the factors involved are subject to, and apparently regulated by, phosphorylation. There are also other mechanisms by which the interaction of specific mRNAs with the translational machinery can be regulated, as is exemplified by the case of those mRNAs, which contain a polypyrimidine tract at their 5h-end [' 5h-TOP (Tracts of OligoPyrimidines) ' mRNAs].
Regulation of eIF2B activity
Initiation factor eIF2B mediates the recycling of eIF2, the factor which recruits the initiator Met-tRNA to the ribosome [59] (Schemes 3 and 4). As mentioned above, eIF2 is active when bound to GTP and forms a eIF2:GTP:Met-tRNA complex, which binds to the 40 S ribosomal subunit. The GTP is hydrolysed late in the initiation process, and eIF2 is released from the ribosome as an inactive eIF2:GDP complex. eIF2B acts by promoting the release of this GDP, thus allowing it to be replaced by GTP, to regenerate the active eIF2:GTP complex. Hence the level of activity of eIF2B governs the level of active eIF2 (eIF2:GTP) in the cell. Since eIF2 is required for every initiation event, modulating the activity of eIF2B provides a mechanism for controlling overall rates of peptide-chain in-
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Scheme 4 Signalling pathway likely to be involved in the regulation of eIF2B by insulin
This Figure is based on recent work concerning the regulation of PKB, GSK-3 and eIF2B. Binding of insulin to its receptor activates the intrinsic tyrosine kinase activity of the receptor, leading to binding and subsequent phosphorylation of IRS1/2. The resulting phosphotyrosine residues include docking sites for the SH2 domains of PI 3-kinase, leading to activation of this enzyme and generation of PtdIns(3,4,5)P 3 . PtdIns(3,4,5)P 3 or PtdIns(3,4)P 2 [generated by dephosphorylation of PtdIns(3,4,5)P 3 ] may activate PKB through the protein's pleckstrin homology (PH) domain [24, 27, 147] . Activation of PKB also involves its phosphorylation at Thr 308 (T308), in the kinase domain, and Ser 473 , in the C-terminal tail [27, 28] . Phosphorylation of Thr 308 can be catalysed by an upstream phospholipid-dependent kinase (PDK1), which is activated by PtdIns(3,4,5)P 3 [27, 29] . It therefore appears that PtdIns(3,4,5)P 3 plays a dual role in the activation of PKB, via binding at its pH domain and by activating an upstream kinase. The identity of the kinase phosphorylating Ser 473 (S473) is unknown. Since inhibition of PI 3-kinase also blocks phosphorylation of Ser 473 [28] , it may also be a phospholipid-dependent kinase (hence PDK2). PKB can phosphorylate and inactivate GSK-3 [20] . GSK-3 phosphorylates eIF2B at Ser 540 in its ε-subunit, resulting in inhibition of its exchange activity [76] . Thus inactivation of GSK-3 leads to dephosphorylation of this residue and activation of eIF2B, leading to enhanced nucleotide exchange on eIF2 and increased availability of its active GTP-bound form (eIF2:GTP). This in turn contributes to the overall activation of peptide-chain initiation by insulin.
itiation and is believed to play a key role in the regulation of translation in response to viral infection, amino acid deprivation and other ' stress ' conditions [59] . Both eIF2 and eIF2B are multimeric proteins, having respectively three and five nonidentical subunits [59] . The functions of their individual subunits have yet to be defined, but it seems likely that the γ-subunit of eIF2 mediates the binding of GTP [60, 61] , whereas the ε-subunit of eIF2B plays a regulatory role through its phosphorylation [62] (see below).
The activity of eIF2B is decreased in muscle of animals rendered experimentally diabetic [63] [64] [65] , and the factor is acutely activated by insulin in a variety of cells and tissues, including skeletal muscle, which is quantitatively the most important target tissue for insulin's action on protein synthesis [64] [65] [66] [67] . Insulin also rapidly activates eIF2B in Swiss 3T3 cells [67] .
It has been known for many years that one way of modulating the activity of eIF2B is through the phosphorylation of the α-subunit of eIF2, which can be catalysed by at least two distinct protein kinases in mammalian cells (the haem-controlled repressor and the double-stranded RNA-activated inhibitor [62, 68, 69] ) and which leads to inhibition of the exchange activity of eIF2B (eIF2αP is a strong competitive inhibitor of eIF2B [70] ). However, no change in the level of phosphorylation of eIF2α is seen either in diabetes or in cells treated with insulin, suggesting that alternative mechanisms exist for the regulation of eIF2B activity in response to insulin, which seemed likely to involve direct regulation of its activity.
These observations led Welsh and Proud [71] to seek insulinsensitive protein kinase(s) which might phosphorylate eIF2B, and they identified a kinase which phosphorylates the largest (ε) subunit of eIF2B and was inactivated in response to insulin (and also serum or phorbol esters). They showed that this kinase was glycogen synthase kinase-3 (GSK-3, here specifically the β-isoform [71] ), previously identified as an insulin-sensitive ATPcitrate-lyase kinase [72] , and that its inactivation appeared to involve phosphorylation of GSK-3, since it was reversed by treatment with protein phosphatase-2A. They and other workers showed that GSK-3 was also inactivated by insulin in cultured human muscle myoblasts [73] and rat fat-cells [40, 74] and in response to other agents (see [75] ), and that this effect was blocked by pretreatment of cells with wortmannin, an inhibitor of PI 3-kinase [20, [39] [40] [41] 74] .
The site in eIF2Bε which is phosphorylated by GSK-3 was identified as Ser&%!, which is conserved in all mammalian species for which sequence data are available [76] . The adjacent sequence contains a second conserved Ser at position j4 relative to the site of phosphorylation by GSK-3 [75] , which may act as a priming phosphorylation site for the action of GSK-3 at Ser&%! (phosphoserine at j4 acts in this capacity in several other substrates of GSK-3 [75, 77] ). Phosphorylation of eIF2B by GSK-3 results in the inhibition of its GDP\GTP exchange activity [76, 78] . Interestingly, the phosphorylation of glycogen synthase by GSK-3 results in inhibition of that enzyme, which is the major regulatory enzyme of glycogen synthesis in mammals. This suggests that the regulation of GSK-3 may provide a way of co-ordinately regulating the activities of regulatory proteins in two major insulin-activated biosynthetic pathways, glycogen synthesis and protein synthesis. GSK-3 can also phosphorylate certain transcription factors at regulatory sites (c-Jun [79] , cAMPresponse element-binding protein, CREB [80] ), suggesting that GSK-3 may also modulate specific gene expression. In order to examine the cellular level of phosphorylation of Ser&%! in eIF2Bε under differing conditions, Welsh et al. raised an antiserum to a peptide corresponding to the region around Ser&%! and containing a phosphoserine residue at this position. They were then able to demonstrate that insulin rapidly brought about decreased phosphorylation of Ser&%!, consistent with the model shown in Scheme 4, in which insulin causes inactivation of GSK-3 and hence dephosphorylation of this site in eIF2B, leading to activation of eIF2B and of translation initiation. The insulininduced phosphorylation of eIF2B was blocked by two inhibitors of PI 3-kinase, wortmannin and LY294002 (G. I. Welsh, C. M. Miller, A. J. Loughlin, N. T. Price, E. J. Foulstone and C. G. Proud, unpublished work).
It is now important to address the upstream control of GSK-3. Cohen and co-workers [20, 81, 82] found that GSK-3 was a substrate in itro for three insulin-stimulated protein kinases, p70 S6 kinase, p90 rsk and PKB (see Scheme 1). All three phosphorylate the same residue in GSK-3, a serine residue at position 9 in the β-isoform of GSK-3 (equivalent to Ser#" in GSK-3α) [20, 80, 81] . Current evidence indicates that PKB may be the enzyme responsible for the inactivation of GSK-3 by insulin ; for example, neither rapamycin (which blocks activation of p70 S6 kinase) nor PD098059 (which blocks activation of MAP kinase and hence p90 rsk ) [20, 38] affects the ability of insulin to inactivate GSK-3, but this is completely blocked, as noted above, by inhibitors of PI 3-kinase, which is thought to lie upstream of PKB [23] .
This suggests a key role for PI 3-kinase in the regulation of both GSK-3 and eIF2B. This is consistent with the data of Mendez et al. [83] , who showed that activation of protein synthesis in 32D cells expressing both the insulin receptor and IRS1 was completely dependent upon PI 3-kinase, and that PI 3-kinase-linked signalling pathways were sufficient to mediate this activation. Since rapamycin only partially inhibited the insulininduced increase in protein synthesis, the FRAP pathway (which includes p70 S6 kinase) appears to play only a minor role in this. Thus another PI 3-kinase-linked signalling pathway must be responsible for this, and this would be entirely consistent with the operation of the pathway depicted in Scheme 4. Welsh et al. [84] have recently shown that PI 3-kinase is required for the activation of eIF2B, using both specific inhibitors of this enzyme and dominant negative mutants of the p85 subunit of PI 3-kinase. In contrast, neither MAP kinase nor the FRAP pathway seem to be required for the activation of eIF2B. These data again support the model depicted in Scheme 4.
eIF2B is also activated under a number of other conditions where translation is stimulated, e.g., in response to mitogenic activation of T-lymphocytes [85] or following exposure of pancreatic islets to elevated glucose concentrations [86] . In the former case, inactivation of GSK-3 is also observed, and this correlates with the activation of eIF2B, but in the latter case no effect on GSK-3 activity was observed, suggesting that another mechanism acts to modulate eIF2B activity in response to glucose.
In yeast, control of eIF2B activity is linked to the regulation of the translation of a specific mRNA, namely that encoding the transcription factor GCN2 [87] , which possesses multiple upstream open reading frames (uORFs) in its 5h-untranslated region (5h-UTR). These uORFs are required for the control of the translation of this mRNA as shown in the detailed studies of Hinnebusch [87] . eIF2B might therefore play a similar role in the control of the translation of specific mRNAs in mammalian cells, and a number of mammalian mRNAs are known to possess uORFs which regulate their translation [88] . However, no role for eIF2B has yet been established in their regulation.
Regulation of the eIF4F complex
Overview eIF4F is a protein complex composed of eIF4E, the cap-binding protein, eIF4G, a large polypeptide with binding sites for a number of other proteins, including eIF4E, and the third component of eIF4F, the ATP-dependent RNA-helicase eIF4A. Insulin brings about the increased association of eIF4E with eIF4G [89] . Various effects may underlie this, including the regulation of the availability of eIF4E by the phosphorylatable eIF4E-binding proteins (4E-BPs, also known as PHAS proteins) [90] [91] [92] [93] or the phosphorylation of eIF4E [44] , which are increased in response to insulin, or the phosphorylation of eIF4G, which is increased by other conditions which activate translation (reviewed in [94] ).
eIF4G is a large multidomain protein which serves as a scaffold upon which initiation-factor complexes are assembled [95] . It contains interaction sites for eIF4E, eIF4A and eIF3. It serves to bring together the cap-binding factor, eIF4E and the helicase, eIF4A, which acts to unwind regions of secondary structure in the 5h-UTR of the mRNA ; such regions of secondary structure reduce the translational efficiency of the mRNA, probably by interfering with the movement of the 40 S subunit and its associated factors during scanning. Hence formation of the eIF4F complex is likely to facilitate the translation of mRNAs with 5h-UTRs rich in secondary structure [57] , it may well be important in the insulin-increased translation of mRNAs which possess this feature. The best-characterized example of this is ornithine decarboxylase [6] , which possesses a highly structured 5h-UTR with a number of potential regulatory features. The interaction of eIF4G (and hence eIF4F) with eIF3 is thought to be important for the association of eIF4F with the 40 S ribosomal subunit, since eIF3 itself interacts with this subunit (and prevents its reassociation with the 60 S subunit until the appropriate point in the initiation process).
Phosphorylation of 4E-BP1
In 1980, Belsham and colleagues [96] reported the marked insulin-stimulated phosphorylation of a protein in rat fat-cells which had an apparent molecular mass of 22 kDa as judged by SDS\PAGE. The protein had the noteworthy properties of remaining in solution after boiling and after treatment with up to 2 % trichloroacetic acid. The phosphorylation observed with insulin was rapid, reversible, occurred on both serine and threonine residues and resulted in changes in electrophoretic migration of the protein [92, 97, 98] . The role of this protein only became evident after partial amino acid sequencing of the rat protein led to its cDNA being cloned and sequenced by Lawrence and co-workers [99] . The protein had, in fact, a molecular mass of only 12 500 Da and was named by the Lawrence group PHAS-I (Phosphorylated-Heat-and-Acid-Stable protein) [99, 100] . Sonenberg and colleagues then realized that the sequence of the cDNA for PHAS-I was virtually identical with a cDNA they had cloned by screening a human placental expression library with labelled eIF4E as a probe, and called by them 4E-BP1. This approach also identified the cDNA of another related protein (4E-BP2) which also bound eIF4E [90] . PHAS-I is the rat homologue of human 4E-BP1 and in this Review Article we will refer to these proteins as 4E-BP1 and 4E-BP2.
Subsequent studies showed that binding of 4E-BP1 to eIF4E inhibited cap-dependent translation in HeLa-cell lysates and in cultured cells [90] . This inhibition is not caused by any appreciable diminution in the ability of eIF4E to bind to capped mRNA, but rather the binding of 4E-BP1 to eIF4E blocks the association of eIF4E with eIF4G and hence the formation of the eIF4F complex [101, 102] . The binding of eIF4G and 4E-BP1 to eIF4E is mutually exclusive [101, 103] , and both proteins contain a similar 12-amino-acid sequence which is involved in the binding of these proteins to eIF4E [102] .
The phosphorylation of 4E-BP1 which occurs on treatment of rat fat-and other cells with insulin results in the dissociation of 4E-BP1 from eIF4E, presumably allowing the formation of competent eIF4F complexes [90, 91, 93, 98, 104, 105] . For example, in fat-cells, insulin greatly decreases both the amount of eIF4E which can be precipitated with anti-4E-BP1 antibodies as well as the amount of 4E-BP1 that remains bound to eIF4E separated from extracts by affinity chromatography on m7GTP-resins [90, 91, 93] . As described above, eIF4E can also become more phosphorylated in cells treated with insulin, but presently available evidence suggests that this may not affect its binding to 4E-BP1, since phosphorylated eIF4E from insulin-treated cells is able to bind exogenous non-phosphorylated 4E-BP1 [90] . Certainly, the phosphorylation of 4E-BP1 in insulin-treated cells is sufficient to decrease greatly its ability to bind exogenous eIF4E [90] .
The binding of 4E-BP1 to eIF4E has a stoichiometry of 1 : 1 ([104] ; M. Avison and R. M. Denton, unpublished work). In rat fat-cells there is a considerable excess of 4E-BP1 over the amount of eIF4E. In the absence of insulin, most of the 4E-BP1 in these cells is not phosphorylated, as judged by the incorporation of [$#P]P i , and virtually all the eIF4E appears to be bound to 4E-BP1 leaving, however, a substantial amount of nonphosphorylated 4E-BP1 [93] . In the presence of high concentrations of insulin, there is a substantial increase in the phosphorylation of 4E-BP1 and near complete dissociation from eIF4E [93] .
The first hints of the complexity of the phosphorylation of 4E-BP1 in insulin-treated fat-cells came from the multiplicity of forms observed in one-and two-dimensional electrophoresis [98, 107] and the fact that at least two major tryptic phosphopeptides containing phosphoserine and phosphothreonine could be separated by two-dimensional TLC analysis [107] . Recent studies by Fadden et al. [108] , have indicated that at least five sites may be phosphorylated in insulin-treated fat-cells. These are Thr$', Thr%&, Ser'%, Thr'* and, possibly, Ser)#, which all fit a Ser\Thr-Pro motif and are situated on either side of the likely eIF4E-binding site which lies between Arg&! and Met&*. Fadden et al. [108] suggested that the phosphorylation of Thr%& and Thr'* may be most important in actually causing release, rather than phosphorylation of Ser'%, as had been concluded in an earlier study by this group [109] .
In one-dimensional SDS\PAGE, three bands corresponding to 4E-BP1 can be resolved, and these bands have been designated α, β and γ in order of decreasing electrophoretic mobility. The increase in phosphorylation of 4E-BP1 caused by insulin is associated with a shift from the α to the β and γ bands. The 4E-BP1 bound to eIF4E migrates mainly as the α band with some as the β band, whereas the (phosphorylated) forms of 4E-BP1, which do not bind to eIF4E, migrate as the β and γ bands. Each of the bands probably represent more than one form of 4E-BP1, as eight or more species can be separated by two-dimensional electrophoresis [104, 107] .
The kinases involved in the phosphorylation of 4E-BP1 in insulin-treated cells have not been definitively identified. Two insulin-activated kinases have been shown to phosphorylate purified BP-1 in itro ; these are MAP kinase and casein kinase 2 [104, 109, 110] .
4E-BP1 is an excellent substrate for MAP kinase, and Haystead and colleagues [109] concluded that the kinase may be important in the phosphorylation of the protein in intact cells. In that study, only the phosphorylation of Ser'% was identified. Later studies have shown that the kinase is able to phosphorylate all the five proline-directed sites which are phosphorylated in insulintreated fat-cells [108] . However, it is now clear that MAP kinase may not be important in the effects of insulin on the phosphorylation of 4E-BP1 in intact cells for the following reasons : (i) 4E-BP1 is a very poor substrate for MAP kinase when bound to eIF4E [93, 104] ; (ii) there is a poor correlation between the extent and time course of 4E-BP1 phosphorylation and the activation of MAP kinase in rat fat-and other cells [93, 105, 106, 111] ; (iii) in 3T3-L1 adipocytes, Chinese-hamster ovary (CHO) cells and rat skeletal muscle, the MEK inhibitor PD098059 has little or no effect on 4E-BP1 phosphorylation in the presence of relatively high concentrations of insulin, while blocking the activation of MAP kinase [44, 104, 106] (although in the absence of insulin [44] or at low concentrations of the hormone [112] , some dephosphorylation has been described) ; (iv) rapamycin inhibits the increase in the β and γ forms of 4E-BP1, and hence its dissociation from eIF4E, in the presence of insulin without blocking the activation of MAP kinase [93, 104, 105, 113] .
The effects of rapamycin are of importance, since rapamycin has been shown to inhibit cap-dependent but not cap-independent translation [113] . Rapamycin blocks the phosphorylation of the major proline-directed sites ( [108] ; M. Avison, K. J. Heesom and R. M. Denton, unpublished work). According to Fadden et al. [108] the effects of rapamycin may be more marked on the phosphorylation of Thr%& and Thr'* than on Thr$' and Ser'%, but in other studies using a combination of two-dimensional TLC and HPLC to separate phosphopeptides, this difference in effects of rapamycin on the major proline-directed sites was not evident (M. Avison, K. J. Heesom and R. M. Denton, unpublished work). Certainly, the effects of rapamycin suggest that a protein 
Scheme 5 Regulation of eIF4E, 4E-BP1 and eIF4F assembly
The The first event may be the phosphorylation of 4E-BP1 bound to eIF4E (light-pink) on Ser 111 by a kinase which is activated by a rapamycin-insensitive pathway. This does not result in the dissociation of 4E-BP1 from eIF4E but may facilitate its phosphorylation on a series of five ' proline-directed ' sites (Ser 82 , Thr 69 , Ser 64 , Thr 45 , Thr 36 ) by a kinase or kinases whose activation is blocked by rapamycin. This latter series of phosphorylation events results in the dissociation of 4E-BP1 from eIF4E which can then bind to eIF4G (dark pink) and hence also eIF4A (mid-pink) to form the eIF4F complex, which is able to facilitate the scanning of the initiation complex along the 5h-UTR. Abbreviation : m 7 GpppN-mRNA, capped mRNA.
kinase component of the FRAP pathway (which includes p70 S6 kinase) is likely to be involved in the phosphorylation of the proline-directed sites which causes dissociation of 4E-BP1 and allows the formation of the eIF4 complex (Scheme 5). However, it should be emphasized that p70 S6 kinase itself does not phosphorylate either the free or eIF4E-bound form of 4E-BP1 in itro and thus is probably not involved in intact cells [93] . Recently Lawrence et al. have obtained evidence that FRAP immunoprecipitates contain kinase activity which is able to phosphorylate a number of the proline-directed phosphorylation sites in unbound 4E-BP1 which are phosphorylated in response to insulin [114] . It is not yet clear whether this kinase activity is able to phosphorylate 4E-BP1 bound to eIF4E, as must occur in intact cells. Other recent data indicate that the rapamycinsensitive signalling events immediately upstream of 4E-BP1 and p70 S6 kinase are distinct, but involve a common proximal activator [115] . By monitoring the incorporation of [$#P]P i into 4E-BP1 in rat fat-cells, it became evident that there is also a rapamycininsensitive pathway involved in the phosphorylation of 4E-BP1 in response to insulin [93] . 4E-BP1 bound to eIF4E in cells incubated with insulin plus rapamycin was found to be phosphorylated, but this phosphorylation did not result in any change in the mobility of 4E-BP1 on SDS\PAGE ; 4E-BP1 still migrated in the α-band despite being phosphorylated. Importantly, this event appears to be restricted to 4E-BP1 bound to eIF4E, and thus the possibility arises that this phosphorylation may be the first event which allows the phosphorylation of the prolinedirected sites and hence dissociation to occur. Recent studies have indicated that rapamycin-insensitive phosphorylation occurs on Ser""" (M. Avison, K. J. Heesom and R. M. Denton, unpublished work). This is the site phosphorylated by casein kinase 2 in itro ([100] ; M. Avison, K. J. Heesom and R. M. Denton, unpublished work) and the eIF4E-bound form of 4E-BP1 is a better substrate than free 4E-BP1 for this kinase [92] . Casein kinase 2 has been shown to be activated to a modest extent in fat-cells by insulin [110] . However, another kinase which is activated more than 10-fold by insulin and which appears to be highly specific for this site has been identified recently in fat-cells. Because the activity of this kinase towards 4E-BP1 complexed to eIF4E is much greater than that of casein kinase 2, it seems likely that this kinase is more important than casein kinase 2 in the phosphorylation of this site (K. J. Heesom, M. Avison and R. M. Denton, unpublished work).
The effects of insulin on 4E-BP2 have not been explored as extensively as those on 4E-BP1. In rat fat-cells, the amount of 4E-BP2 is much less than that of 4E-BP1, but both binding proteins are present in 3T3-L1 adipocytes and in these cells 
Scheme 6 Regulation of elongation by insulin
Recent data [145] suggest that the insulin-induced dephosphorylation of eEF2 is a consequence of inactivation of the cognate kinase rather than activation of the phosphatase acting on eEF2 (protein phosphatase-2A [143, 144] ), and that, at least in the cell type studied, this involves a signalling pathway which is sensitive to the FRAP inhibitor rapamycin [145] . Since phosphorylation of eEF2 inhibits its activity, dephosphorylation will result in activation of eEF2 and hence of overall peptide-chain elongation.
insulin has been shown to cause an increase in the phosphorylation of 4E-BP2 as well as its dissociation from eIF4E [116] . It should be noted that 4E-BP2 is not a substrate for casein kinase 2 and does not contain Ser""", so the priming mechanism suggested for the phosphorylation of 4E-BP1 is not relevant to 4E-BP2.
Phosphorylation of eIF4E
Insulin and other agents which activate translation bring about increased phosphorylation of eIF4E at a single site now known to be Ser#!* [94, [117] [118] [119] . Phosphorylation of eIF4E is reported to increase its affinity for the 7-methyl-GTP cap and for mRNA [120] and may also enhance its ability to form high-molecularmass complexes, e.g. with eIF4G and eIF4A [121, 122] . Flynn and Proud [44] have shown, using the specific MEK inhibitor PD098059, that the MAP kinase pathway is required for the insulin-induced increase in the steady-state level of phosphorylation of eIF4E in CHO cells overexpressing the insulin receptor. In contrast, Mendez et al. [83] reported that insulin's ability to enhance the $#P-radiolabelling of eIF4E in 32D myeloid precursor cells was independent of MAP kinase. Furthermore, Kimball et al. [89] have reported that insulin actually decreases the phosphorylation of eIF4E in gastrocnemius muscle. Despite substantial work to try to resolve this, the role of phosphorylation of eIF4E in the control of translation remains obscure, and was further muddied by the mis-identification of the site of phosphorylation as Ser&$ rather than Ser#!*, as subsequently shown by Rhoads and colleagues [118] and by Flynn and Proud [119] . The observation that blocking MAP kinase activation (using PD098059) inhibits the activation of protein synthesis by angiotensin-II in smooth-muscle cells [123] may indicate a role for eIF4E phosphorylation, since eIF4E is so far the only activation factor whose regulation has been linked to the MAP kinase pathway, but no data are yet available on the effect of this compound on the activation of translation by insulin.
In fat-cells, insulin appears to result in a decrease in the amount of eIF4E that is available to interact with the 7-methyl-GTP-affinity resin [93] . This may be due either to increased binding of eIF4E to mRNA (in which state it would not be available to bind to this cap analogue) or to its increased incorporation into initiation complexes which, due to their large size, are inefficiently extracted into supernatant fractions upon lysis of the cells (or a combination of the two).
Regulation of the translation of polypyrimidine-tract-containing mRNAs
Certain mRNAs contain, at their extreme 5h-ends, a sequence of pyrimidine bases which plays a key role in the regulation of their translation [124, 125] . These so-called 5h-TOP mRNAs, which encode proteins involved in the process of translation, such as ribosomal proteins and elongation factors, undergo translational up-regulation in response to stimulation of cells. Such mRNAs are largely found in non-polysomal material in serum-starved cells, but shift into large polyribosomes following stimulation of cells (reviewed in [125] ). Translation of such mRNAs has been shown to be stimulated in response to a number of stimuli, but little work has so far been carried out on their regulation by insulin. This hormone has, however, been shown to increase the synthesis of elongation factor-2 (eEF2, [126] ), whose mRNA belongs to this class, and a number of other unidentified proteins.
The enhanced translation of the S6, eEF1α and eEF2 mRNAs by serum is blocked by rapamycin, pointing to a role for the FRAP pathway [127, 128] . The acute translation up-regulation of components of the translational machinery may serve rapidly to increase the cell's overall capacity for protein synthesis. Agents such as insulin thus exert, overall, a dual effect on the translational machinery, first to increase its intrinsic activity (by activating initiation and elongation factors, as described in this Review Article) and, secondly, by ensuring increased synthesis of ribosomes and other components, to enhance the overall maximal activity of translation in the cell.
Addition of a 5h-terminal polypyrimidine tract to a reporter mRNA suffices to confer this pattern of regulation [125] . Such sequences are thus dominant cis-acting inhibitors of the translation of mRNAs in serum-depleted cells, and this inhibition is overcome by rapamycin-sensitive events following cell stimulation. Removal of the TOP sequence from an mRNA which normally contains one results in it becoming constitutively translated and present in polysomes even in non-stimulated (quiescent cells) [125] .
To date, the mechanisms underlying both the translation repression and its rapamycin-sensitive relief remain obscure. Initial studies suggested a role for eIF4E in this [124, [129] [130] [131] , and the fact that the regulators of eIF4E (4E-BPs) are controlled in a rapamycin-sensitive manner would be consistent with this [44, 93, 104, 105, 113] . It has also been suggested that the phosphorylation of ribosomal protein S6 may be involved, since it appears to lie in the ribosome's mRNA-binding site and is phosphorylated in a rapamycin-sensitive manner [132] , although direct evidence for a role is lacking. The group of Thomas [133] have used both dominant interfering and rapamycin-insensitive mutants of p70 S6 kinase to explore the role of this enzyme in the control of 5h-TOP mRNA translation. Expression of the interfering mutant, which prevents activation of wild-type p70 S6 kinase, also blocked the activation of 5h-TOP mRNA translation by serum, while the expression of the rapamycin-insensitive T389E mutant of p70 S6 kinase rendered 5h-TOP mRNA translation insensitive to rapamycin. These data are consistent with a role for p70 S6 kinase, and hence potentially of S6 phosphorylation, in regulating 5h-TOP mRNA translation.
It has also recently been reported that another protein of the 40 S subunit, S17, is subject to rapamycin-sensitive phosphorylation, and it is also clearly a candidate for playing a role in the regulation of 5h-TOP mRNAs [134] .
Regulation of elongation by insulin
Overview of peptide-chain elongation
In mammalian cells, peptide-chain elongation requires two elongation factors, eEF1 and eEF2. eEF1 mediates the attachment of the amino acyl-tRNAs to the ribosome during peptide-chain elongation, in the form of a complex with GTP (this resembles the role of eIF2, which forms eIF2:GTP:MettRNA i complexes). eEF1 consists of several subunits, α being the subunit which binds GTP and amino acyl-tRNA, while the β, γ and δ subunits function as a guanine nucleotide-exchange factor complex, in an analogous fashion to eIF2B [53] . eEF2, a monomeric protein which also binds GTP, is required for the translocation step of elongation during which the ribosome moves relative to the mRNA and the peptidyl-tRNA migrates from the A-to the P-site of the ribosome [53] . Both eEF1 and eEF2 are phosphoproteins, although the role of phosphorylation of eEF2 is considerably less well understood than that of eEF1. The phosphorylation of eEF2 is regulated by insulin, as described below.
Phosphorylation of eEF2
eEF2 is phosphorylated at threonine residues within its GTPbinding domain by a calcium\calmodulin (Ca\CaM)-dependent protein kinase (formerly called Ca\CaM kinase III, now known as eEF2 kinase) [135] [136] [137] [138] . Phosphorylation results in complete inactivation of eEF2 [139] , apparently by inhibiting its ability to bind to the ribosome, an interaction that also involves regions within the GTP-binding domain [140] . A cDNA encoding eEF2 kinase has now been cloned and sequenced ; the protein appears to be a rather unusual protein kinase, only distantly related to other Ca\CaM kinases [141, 142] . The protein phosphatase (PP) responsible for the dephosphorylation of eEF2 appears to be PP-2A [143, 144] .
In serum-deprived CHO cells, the level of phosphorylation of eEF2 is about 40-50 %, indicating that roughly half the factor is inactive [145] . Treatment of wild-type cells with serum or of cells expressing the insulin-receptor with insulin, results in a very rapid dephosphorylation of eEF2 such that its level of phosphorylation falls to undetectable values within 5 min [145] . Insulin or serum rapidly bring about the inactivation of eEF2 kinase, and this effect, rather than an increase in the activity of PP-2A, appears to be responsible for the dephosphorylation of eEF2. Similar effects of insulin on both eEF2 phosphorylation and eEF2 kinase activity are also observed in fat-cells (N. T. Redpath, T. A. Diggle, K. J. Heasom and R. M. Denton, unpublished work).
Both the dephosphorylation of eEF2 and the inactivation of eEF2 kinase are partially blocked by rapamycin, pointing to a role for the FRAP pathway in the regulation of this process [145] , at least in CHO cells (Scheme 6). As expected, wortmannin also blocks these effects. The key question is the relationship of these events to the control of peptide-chain elongation. Rates of elongation are not easy to determine, the standard measure being the ' transit time ', an indication of the average time taken for a ribosome to complete a polypeptide chain. In CHO cells, insulin reduces transit times by about one-half, indicative of a doubling of the rate of elongation. This effect is eliminated both by rapamycin and by wortmannin [145] . These data suggest that insulin accelerates the elongation process through a mechanism involving the inactivation of eEF2 kinase (through the FRAP pathway), leading to the dephosphorylation and consequent activation of eEF2.
The mechanism by which insulin (or serum) decreases the activity of eEF2 kinase is unclear. It might involve phosphorylation of the eEF2 kinase protein, although this remains to be demonstrated. Although eEF2 kinase can be phosphorylated by p70 S6 kinase in itro, this does not result in its inactivation [145] . Thus other inputs must exist to control eEF2 kinase activity in response to insulin.
It is not currently clear to what extent the rate of elongation limits the overall rate of protein synthesis, since too few data on the control of elongation, especially in tissues which are physiological targets for insulin, are available. However, it clearly makes sense for agents which accelerate the rate at which ribosomes bind to mRNA (i.e., initiation) also to speed up their progress along mRNAs once bound (i.e., elongation), in order to achieve a co-ordinated activation of protein synthesis.
FUTURE DIRECTIONS AND CONCLUSION
A major question that the reader may well be asking himself or herself having struggled through the above review is : why is it all so complicated ? There do now seem to be a lot of regulatory or at least potential regulatory events in eukaryotic translation, and they are modulated by a variety of different signalling In elongation FRAP? via eEF2 kinase pathways ( Table 1) . One important reason for the multiplicity of control points is that they are not all controlling the same thing(s) : eIF2B probably mainly acts to regulate the overall initiation rate in the cell by modulating the supply of active eIF2:GTP, while the regulation of proteins involved in mRNA binding and the unwinding of secondary structure, such as eIF4E, 4E-BP1 and eIF4F, are likely to be important for the regulation of the translation of specific mRNAs. Different regulatory mechanisms, involving distinct signalling pathways and events, serve to modulate the translation of different subsets of mRNAs possessing different regulatory features. However, as yet only a few mRNAs have conclusively been shown to be regulated at the level of their translation as opposed to stability or nucleocytoplasmic transport, and these are important caveats when it comes, for example, to interpreting the effects of overexpression experiments ; Rousseau et al. [146] offer a cautionary tale, since they found that the enhancement of cyclin D1 expression in cells overexpressing eIF4E was related to transport of the mRNA out of the nucleus rather than increased translation of its mRNA per se. Studies on the regulation of specific mRNAs must therefore take account not only of changes in mRNA levels (which may be altered due to indirect effects, e.g., on the transcriptional machinery), but also on the behaviour of the mRNA. The most informative approach is to study the distribution of the mRNA of interest between nonpolyribosomal, and therefore translationally inactive material, and mRNA associated with ribosomes (active polyribosomal mRNA), including the distribution of the mRNA between polyribosomes of differing sizes. Translational activation of an mRNA should be manifested either as a shift, upon stimulation of the cells, from non-polyribosomal into polyribosomal fractions (which is what is seen for 5h-TOP mRNAs) or from smaller into larger polyribosomes, depending on the type of control being exerted. The identification of mRNAs subject to specific translational control by insulin (and indeed by other agents) is an urgent priority and an important challenge for the future.
Another such challenge is the unravelling of the roles played by particular regulatory steps or events in the overall control of translation. The importance of the regulation of individual factors may be expected to differ between cell types and perhaps between stimuli, as well as, certainly, between mRNA species. A surprising feature of the currently available data is that, despite the fact that rapamycin blocks, at least in part, three of the main regulatory mechanisms so far identified as controlling translation in animal cells (the phosphorylation of S6 and of the 4E-BPs, and the activation of eEF2), this drug generally only has modest effects on the rate of protein synthesis, even in stimulated cells [83, 113] . In the short term (2 h), rapamycin inhibited serumstimulated protein synthesis by 25 %. The degree of inhibition increased with time after rapamycin addition and approached 50 % after 20 h, this may well be due to the cumulative effect of inhibition of ribosomal protein and translation-factor synthesis reducing the cells' overall capacity for translation. The limited effect of rapamycin may well reflect the fact that both S6 (or p70 S6 kinase) and the 4E-BPs probably function primarily to regulate the translation of specific mRNAs rather than the overall rate of translation. It implies that regulating the rate of elongation may not be a major factor in determining the overall rate of translation in i o, although caution must be exerted in extrapolating from data obtained from studies on cell lines to ' real ' tissues such as skeletal muscle and fat (and, in any case, rapamycin only partially blocks the effects of insulin or eEF2 kinase).
Investigation of the roles played by individual factors in the overall or transcript-specific control of translation will be facilitated by the fact that we now know the locations of the phosphorylation sites in many of these proteins. However, it is only in a few cases that we know the identity of the protein kinases responsible for their phosphorylation in i o, and the identification of these enzymes (e.g., the kinases acting on the 4E-BPs, eIF4G and eIF4B, and the relevant upstream kinases for p70 S6 kinase and eEF2 kinase) represents another major goal for the future.
